Abstract-An accurate analysis of an air gap tuned high T c superconducting microstrip antenna is presented. To include the effect of the superconductivity of the microstrip patch in the Full wave analysis of the tunable rectangular microstrip patch, a surface complex impedance is considered. This impedance is determined by using London's equation and the model of Gorter and Casimir. Numerical results obtained are found to be in excellent agreement with the theoretical and experimental data available in the literature. Finally, numerical results for the air gap tuning effect on the operating frequency and bandwidth of the high T c superconducting microstrip antenna are also presented.
INTRODUCTION
Rectangular microstrip patches can find an application in microwave integrated circuits as planar resonators for oscillators and filters. Also, rectangular microstrip patches can be used as resonant antennas fed by means of either coaxial probes, or microstrip lines. Since the bandwidth of microstrip patch resonators and antennas around their operating resonant frequencies is known to be very narrow, it is important to develop accurate algorithms for the computation of those resonant frequencies. The resonant frequency value of the rectangular microstrip patch depends on the structural parameters, and it is evident that if the resonant frequency is to be changed, a new microstrip antenna is needed. In order to achieve tunable resonant frequency characteristics, an adjustable air gap layer can be inserted between the ground plane and the substrate, resulting in a two-layer structure [1, 2] .
Apart from tunable microstrip patches, in the last few years, there has been a growing interest in the use of superconducting materials in microwave integrated circuits, which is due to their main characteristics, such as: very small losses, which means low-attenuation and low-noise, very small dispersion up to frequencies of several tens of GHz, smaller devices due to the lower losses, which leads to larger integration density and reduction in the time of propagation of the signals in the circuits [3] .
In this paper, a rigorous Full-wave analysis of an air gap tuned high T c superconducting microstrip antenna is presented. To the best of our knowledge, this structure has not been analyzed previously. Only results for the case of perfectly conducting patch have been reported in the open literature [1, 2] . In Section 2, the authors provide details of the application of the Galerkin's method in the Fourier transform domain to the analysis of high T c superconducting microstrip antennas with air gaps. In Section 3, the validity of the solution is tested by comparing the computed results with theoretical and experimental data available in the literature. Numerical results for the air gap tuning effect on the operating frequency and half power bandwidth of the high T c superconducting microstrip patch antenna are also presented. Finally, concluding remarks are summarized in Section 4.
OUTLINE OF THE NUMERICAL PROCEDURE
The high T c superconducting microstrip patch antenna considered in this work is shown in Figure 1 . It was obtained by depositing a superconducting patch of thickness e on a dielectric layer. The dielectric layer of thickness d 2 is characterized by the free-space permeability µ 0 and the permittivity ε 0 , ε r (ε 0 is the free-space permittivity and the relative permittivity ε r can be complex to account for dielectric loss). An adjustable air gap layer of thickness d 1 is inserted between the substrate and the perfectly conducting ground plane. Following the conventional spectral domain approach, the Fourier transform domain relationship between the surface electric field at z = d 1 + d 2 and surface current on the patch is given by
where G xx , G xy , G yx , and G yy are the components of the spectral dyadic Green's function. They can be deduced from [4, Equation (20)] together with a simple transformation of the (TM, TE) representation to the (x, y) coordinates. The surface electric fields at z = d 1 + d 2 can be written as a superposition of an electric field in the patch and another out of the patch, this yields
The electric field in the superconducting patch is given by
where Z s is the surface impedance of the superconducting patch. When the thickness of the superconducting patch is less than three times the penetration depth λ at a temperature T = 0 K, the surface impedance can be approximated as follows
where σ is the complex conductivity of the superconducting film. It is determined by using London's equation and the model of Gorter and Casimir as [5] 
The resistive part of the complex conductivity (σ 1 ) may arise from normal electron conduction within non-superconducting grains and scattering from grain boundaries, flux vibration at pinning centers and normal electron conduction due to thermal agitation in the superconducting state. The temperature dependence of σ 1 is as follows:
where σ n is the normal conductivity. The reactive part of the conductivity (−iσ 2 ) arises from the lossless motion of the superconducting carries which may be derived from the Lorentz-force equation as [5] 
with
In the above two equations, ω is the angular frequency and T c is the transition temperature of the superconductor. Substituting Equations (2) and (3) in Equation (1) yields
Now that we have include the effect of the superconductivity of the patch in the Green's function formulation, the well-known Galerkin procedure of the moment method can be easily applied to Equation (9) to obtain the resonant frequencies and the bandwidths of the resonant modes of the air gap tuned high T c superconducting microstrip antenna shown in Figure 1 .
RESULTS AND DISCUSSION

Comparison of Numerical Results
In order to confirm the computation accuracy, our numerical results are compared with those obtained from the cavity model [6] . The patch is fabricated with a YBCO superconducting thin film with parameters σ n = 10 6 S/m, T c = 89 K, λ(0) = 140 nm and e = 350 nm. The patch of length a = 1630 µm is printed on a lanthanum aluminate substrate with ε r = 23.81 and d 2 = 254 µm. The high permittivity of the lanthanum aluminate substrate allows the growth of high-quality (low surface resistance) YBCO films [6] . Table 1 summarizes our computed resonant frequencies and those obtained via the cavity model [6] for three different patch widths and differences between these two results of less than 2% are obtained. In Table 2 , we have also compared our results with the experimental and theoretical data of Abboud et al. [7] in the case where the tunable microstrip antenna is fabricated by a perfectly conducting patch. The comparison is done for two different air separations. Not that the small differences between our results and the calculated data in [7] can be attributed to the fact that the cavity model used for computing the resonant frequencies in [7] do not account rigorously for the effect of fringing fields. The above comparisons show a good agreement between our results and those of the literature. This validates the theory presented in this paper. Table 2 : Comparison of our calculated resonant frequencies with those of Abboud et al. [7] in the case where the tunable microstrip antenna is fabricated by a perfectly conducting patch; ε r = 2.33.
Resonant frequencies (GHz) 
Air Gap Tuning Effect on the Superconducting Antenna Characteristics
The effect of the air separation on the resonant frequency and bandwidth of the high T c superconducting microstrip antenna shown in Figure 1 is investigated. The superconducting patch of dimension 8×5 mm is fabricated with a YBCO thin film and the substrate thickness is d 2 = 0.4 mm. In Figure 2 (a), the resonant frequency versus the air separation d 1 for various substrate materials is shown. These materials are Gallium arsenide (GaAs), oxide of Magnesium (MgO) and oxide of Berilium (BeO) with relative permittivities ε r = 6.6, 9.6 and 12.5, respectively. It is observed that when the air separation grows, the resonant frequency increases rapidly until achieving a maximum operating frequency at a definite air separation d 1fmax . Note that the effect of the air gap is more pronounced for small values of d 1 . When the air separation exceeds d 1fmax , increasing the air gap width will decrease slowly the resonant frequency. Extreme care should be taken when designing an antenna with thin air gap; since small uncertainty in adjusting d 1 can result in an important detuning of the frequency. Graphical representation of the half-power bandwidth is shown in Figure 2 (b). Note that it increases monotonically with increasing air separation. 
CONCLUSIONS
A spectral domain approach has been used for the numerical calculation of the characteristics of a high T c superconducting microstrip antenna with an air gap. To include the effect of the superconductivity of the microstrip patch in the Full wave analysis of the tunable rectangular microstrip patch, a surface complex impedance has been considered. This impedance has been determined by using London's equation and the model of Gorter and Casimir. The numerical results obtained via Galerkin's method in the Fourier transform domain have been compared with theoretical and experimental data, and good agreement has been found. Computations show that the air separation can be adjusted to have the maximum operating frequency of the superconducting microstrip antenna. The half-power bandwidth, on the other hand, increases monotonically with increasing the air gap width. Extreme care should be taken when designing a microstrip antenna with thin air gap; since small uncertainty in adjusting the air separation can result in an important detuning of the frequency.
